Mechanical characteristics of reactive magnetron sputtered Al 2 O 3 -TiO 2 multilayer ceramics were studied. Tailored mechanical properties such as moderately high hardness and reasonable toughness were achieved through varying sputtering process parameters resulting in microstructural control at nano-scale. Interchanging Al 2 O 3 and TiO 2 layers with a single layer thickness of $65{70 nm were deposited on single crystal alumina (sapphire) substrates to form the multilayer structure composed of 10 layers. Deposition pressure was systematically changed throughout the process to obtain variety of microstructures. Nanostructured Al 2 O 3 and TiO 2 layers with a high degree of uniformity and interlayer bonding were obtained. The effect of the deposition pressure on the microstructure, and hence the ensuing physical characteristics of the multilayer ceramics were investigated. Resulting physical property sets were discussed in relation to the nanometer-order controlled microstructures. Potential of the nanostructured Al 2 O 3 -TiO 2 multilayer ceramics for advanced engineering applications in terms of their processing and capacity for improved mechanical properties were addressed.
Introduction
Multilayer ceramic materials have received considerable attention towards improving toughness of inherently brittle material systems through making use of their capability of deflecting growing cracks at weak interfaces.
1) The potential of the approach of deflecting the crack at a weak interface before its passage to the adjacent layer was applied successfully in various material systems. [2] [3] [4] [5] [6] [7] [8] The aim of this approach is to prevent the catastrophic failure. In the case of brittle multilayers, as the deflecting cracks degrade transverse strength of the brittle multilayers, a new approach of using hybrid multilayers of homogeneous and heterogeneous ceramics with strong interlayer bonding has been developed. In such systems communication of cracks growing in the homogeneous layers can be prevented by the heterogeneous layers. [9] [10] [11] [12] [13] This approach is based on the potential of heterogeneous structures with thermal and/or elastic mismatches in allowing the operation of micro-scale fracture and crack-interface interaction events leading to crack propagation resistance. 14, 15) Since the extent of the mechanical properties obtained from heterogeneous structures depends on the scale of the micro-fracture events, scale-down the size of the microstructural features to nanometer level is expected to lead to an inelastic deformation capability providing a more effective redistribution of stress intensities at the crack tip. 16, 17) In addition to this, rigorous design of the microstructural architecture of multilayer ceramics is another important aspect in developing proper materials for extreme operation conditions. 18) In this respect, processing methods applied for the fabrication of multilayer ceramics and coatings have the greatest impact on the final properties through controlling their microstructural features mostly at nano-scale. For the processing of nanostructured ceramic coatings and hybrid multilayers with high mechanical characteristics various methods have been developed and applied. These comprise physical vapor deposition (PVD) [19] [20] [21] [22] [23] and chemical vapor deposition (CVD) including plasma modulated or assisted versions [24] [25] [26] as well as thermal spraying techniques. 27, 28) Previous studies have demonstrated that multilayer hybrid ceramics composed of layers with well matching physical properties and closely controlled microstructures have the potential of demonstrating unique mechanical property combinations. In the present work, multilayers of Al 2 O 3 and TiO 2 , which were chosen because of their considerably matching thermal and elastic properties, were studied. Here, the focus was on the variation of the microstructural features of the presently investigated model multilayer material. Namely, size, anisotropy and spatial distribution of the nanoscale features of the Al 2 O 3 -TiO 2 multilayer ceramics were controlled through the selected processing parameter which was the deposition (Argon) pressure. Consequently, the purpose of the present study is to show the effect of the deposition pressure (inert gas pressure) on the microstructural features of the reactive magnetron sputtered Al 2 O 3 -TiO 2 multilayer ceramics and to investigate their mechanical properties as a function of the resulting microstructures.
Experimental Procedure

Processing and characterization
Al 2 O 3 and TiO 2 layers were deposited on single crystal Al 2 O 3 (sapphire: A-plane) substrate by reactive magnetron sputtering process. The advanced sputtering equipment (MLC-200, Fraunhofer Institute Electron Beam and Plasma Technology, Dresden, Germany) ( Fig. 1 ) employed in this study was capable of working in unipolar or bipolar modes under pulsed power that provides rapid suppression of the arcing, which allowed high deposition rates with sufficient stability. In the present study, bipolar mode was used for the deposition of the multilayer ceramics. The substrate was mounted on a holder where it rotated throughout the deposition process, and the temperature of the substrate was kept constant at 973 K to obtain crystalline phases. Three different deposition pressures (Ar pressure, denoted as P Ar hereafter) of 0.2, 0.5 and 1.7 Pa were used to change the resulting microstructure of deposited layers. Each individual layer was deposited for 5 min, and a total number of 10 layers were deposited for each Ar pressure.
Crystal structure of the deposited ceramic multilayers was determined by a thin film X-ray diffractometer (RINT 2500, Rigaku Corporation, Tokyo, Japan) using Cu-K radiation. Microstructural observation of the multilayer ceramics was conducted by a field emission scanning electron microscope (SEM: S-4800, Hitachi High-Technologies Corporation, Tokyo). Cross-sectional microstructures of the multilayer ceramics were used to determine the thickness of each layer and the resulting deposition rate for each phase.
Measurement of the mechanical properties
Mechanical properties of the multilayer ceramics were measured by micro-indentation tests using a conventional depth-sensing microhardness tester (DUH-W201S, Shimadzu Corporation, Kyoto, Japan) with a Berkovich type indenter. Young's modulus, E, and hardness, H, were measured applying a maximum load of 30 mN. This maximum load was chosen to avoid formation of cracks and damage zone around the indentation sites. Young's modulus was obtained from the unloading stiffness, S, of the multilayers calculated from the initial portion of the unloading curve of the indentation load versus depth data, which was fitted to the power law relation 29 )
where P is the indentation load, h is the indentation depth, B and m are empirical fitting parameters, and h f is the residual depth of the indentation which was also determined by curve fitting. Unloading stiffness, S, is then derived by the differentiation of eq. (1) at the maximum depth of indentation. Young's modulus, E, of the multilayer ceramics was obtained using the following relation assuming that the diamond indenter used in this study is perfectly rigid;
where is Poisson's ratio of the multilayer ceramic and A is the projected area of the residual impression. For the calculation of the hardness, residual impressions on the multilayer surface were observed by an atomic force microscope (AFM) (Dimension 3000 SPM, Digital Instruments, Inc., USA), and their projected areas were determined from the obtained error signal mapping that provided the highest possible image resolution. The nominal resolution of the measurement was $20 nm. Hardness of the multilayer ceramics was then obtained through the ratio 30) H
in terms of the maximum applied indentation load, P max , and the projected area of the measured residual impression, A. Indentation fracture toughness, K c , of the multilayers was calculated using the relation 31) K c ¼ ðE=HÞ
where c is the length of the radial cracks emanating from the corners of the residual impressions that was determined by SEM observations of the indented surfaces. Maximum applied indentation loads, P max , were 100 and 160 mN for this measurement. The constant in eq. (4) is an indenter geometry dependent empirical constant that was determined to be $0:024 for the Berkovich indenter using indentation experiments on monolithic sapphire (see Appendix). Crack growth behavior of the multilayer ceramics was observed by indentation cracks grown on their polished transverse sections. The Berkovich type indenter was indented on the sapphire substrate side of the polished transverse section where the residual impression was several micrometers away from the multilayer/substrate interface. The path of the indentation crack that emanates from the apex of the residual impression on the sapphire substrate and penetrates into the multilayer ceramic was observed by SEM. In addition, four-point bending tests were conducted in ambient air at room temperature using a specially designed miniature rig mounted on a custom-made loading fixture with upper and lower span lengths of 8 and 16 mm, respectively. Employed specimens were rectangular prisms with dimensions of 20 by 1 by 1 mm, and a $110 nm deep notch was introduced on the multilayer surface with the diamond probe of the previously mentioned AFM. The four-point bending test was conducted with a cross-head displacement rate of 0.5 mmÁs À1 . Fracture surfaces of the four-point bend tested multilayer ceramics were examined by SEM. When the duty cycle (the ratio of the pulse-on time to the cycle time) and the deposition time were kept constant total thickness of the fabricated multilayer ceramics composed of 10 layers measured $650{700 nm. Applied power limits were determined to produce almost equal TiO 2 and Al 2 O 3 individual layer thicknesses of $65{70 nm in 5 min deposition time with a deposition rate of $13{14 nm/min. As it is evident from Fig. 3 , first TiO 2 deposited on the sapphire substrate and the final Al 2 O 3 layer that forms the outer surface are exceptions to this trend. The first TiO 2 layer deposited on the polished substrate surface is $50% thinner compared to the others where the upper most Al 2 O 3 layer deposited on the underlying rough multilayer vice versa.
Results
Microstructural examination of the polished cross-sections revealed the presence of elongated voids trapped between the columnar grains whose longitudinal axis is parallel to the deposition direction (Fig. 3) . Because of their high aspect ratio these nanometer-order elongated voids are referred as ''longitudinal-voids'' (Lv) hereafter emphasizing their importance on the mechanical behavior of the multilayer ceramics. The amount of the longitudinal-voids was quantified as longitudinal-void surface area per unit volume, S Lv , from the cross-sectional micrographs using a stereological relationship 32)
where P Lv is the density of the intersection points that randomly distributed longitudinal-voids make with the test lines piercing the surface of the specimen. The total length of the test lines on the cross-sectional micrographs changes between 11.3 and 17.5 mm at a magnification of 11 Â 10 4 and 7 Â 10 4 times, respectively. The amount of longitudinalvoids given in Table 1 increases with P Ar where they reveal a fairly homogeneous distribution in the ceramic layers at all deposition pressures as observed in Fig. 3 . For the measurement of the mechanical properties of the multilayers such as Young's Modulus, E, hardness, H, and fracture toughness, K c , indentation technique was employed. Since the mechanical properties of thin films are affected by the interfacial bonding to the substrate, applied indentation depths should not exceed $10{20% of the total film thickness in this type of measurements to prevent the perturbation caused by the substrate. 33) Although this limitation secures the reliability of the measured mechanical properties by indentation techniques, acceptable results can also be obtained applying substantially greater indentation depths. 34) In the case of multilayer films, however, the indentation depth should include a reasonable number of layers so that the measured data can represent the average mechanical property of the overall structure. Finally, while considering the balance between the two factors mentioned above, the maximum indentation loads should be chosen in a way that cracking, delamination or chipping free indents are generated for hardness and Young's modulus measurements whereas the indents for fracture toughness measurements should only contain radial through thickness cracks emanating from their corners.
In the present study, an optimum condition for Young's modulus and hardness measurements of the multilayer ceramics without crack formation around the indentations was obtained applying 30 mN of maximum indentation load. Figure 4 shows indentation loading-unloading curves for three different multilayers at a maximum load of 30 mN, from which their Young's moduli were obtained. From these curves it is clear that maximum penetration depth is $240{270 nm which corresponds to $35% of the total multilayer thickness covering 3-4 upper layers of the multilayer ceramics. In an ongoing, parallel study on thicker multilayers fabricated under identical conditions, indentation experiments at varying loads, and hence various maximum indentation depths confirmed that selected relative penetration depth is effective in revealing the average Young's modulus and hardness values of the present multilayers free from the substrate effect (See Appendix). AFM surface mapping of the indented region in the multilayer ceramic with the second highest elongated void content, S Lv ¼ 17:6 mm À1 , is depicted in Fig. 5 . The height profile of the broken line drawn to the center of the indent reveals that the residual indentation depth is $125 nm, which is also representative for the indentations of the two other multilayers. Table 1 shows Young's moduli of the multilayers obtained from the indentation measurements. Although there is experimental scatter of about AE50 GPa in the measured values, the maximum average Young's modulus of $360 GPa is obtained for the minimum amount of longitudinal-void content where it gradually decreases with increasing longitudinal-void density. Measured hardness values of the multilayer ceramics are also given in Table 1 . The multilayer ceramic fabricated at a deposition pressure of 0.2 Pa that contains the lowest amount of void formation (S Lv ¼ 11:5 mm À1 ) reveals the highest hardness value that ranges from $17 to 19 GPa. Figure 6 shows load versus penetration depth curves obtained during the indentation of the multilayer ceramics for the loading conditions applied to determine fracture toughness, K c . For this measurement considerably higher maximum loads were applied compared to that of the Young's modulus and hardness measurement. A maximum applied indentation load of 160 mN provided clear radial cracks which emanate from the corners of the indents on the multilayer ceramics fabricated under a deposition pressure of 0.2 and 0.5 Pa (Fig. 7) . In the case of the last multilayer ceramic processed at the highest deposition pressure of 1.7 Pa, 160 mN of maximum load resulted in interfacial delamination and chipping, and therefore, the applied maximum indentation load was reduced to 100 mN to avoid multilayer damage around the indentation and to obtain fracture toughness, K c . Indentation fracture toughness values of the three multilayer ceramics deposited under varying Ar pressures change between $2 and 1 MPaÁm 1=2 as presented in Table 1 . 
Discussion
It was shown that the sputtered Al 2 O 3 /TiO 2 multilayer ceramics are fully crystalline, and they are composed of columnar grains typical to sputtered ceramic films. 35) This structure typical to sputtered ceramics was determined to contain longitudinal-voids distributed among the columnar grains whose amount increased with increasing deposition (Ar) pressure. The kinetic limitations of the deposition process accounts for the accumulation of voids along the columnar grain boundaries. 36) In a former study, the increase in the amount of elongated voids with increasing deposition pressure in TiO 2 layers deposited via reactive magnetron sputtering was attributed to the decreasing relative amount of the bombarding particles in the plasma forming a more porous final structure. 37) Void content in the present multilayer ceramics also showed a similar dependence to deposition pressure as in the case of sputtered single phase TiO 2 films.
Mechanical properties of the multilayer ceramics were determined using indentation technique as a function of the longitudinal-void content. Although it is quite critical to eliminate the substrate effect from the measurements while including a representative number of individual layers in the indent to obtain average properties of the multilayers, a balance was obtained in the present study by varying the maximum applied loads. Measured Young's modulus and hardness values of the Al 2 O 3 /TiO 2 multilayers showed a decreasing tendency with increasing longitudinal-void density. For both of these properties this tendency seems to be reasonable as the material becomes more compliant and reveals lower load bearing capacity with increasing porosity.
Nevertheless, despite its porous structure the multilayer ceramic deposited at the lowest Ar pressure revealed Young's modulus and hardness values which are higher than those of bulk TiO 2 and comparable to those of bulk Al 2 O 3 . Specifically, measured hardness values of the deposited multilayers are comparable with the reported hardness values of some commonly used bulk engineering ceramics such as magnesium aluminate spinel (18.4 GPa), silicon nitride (21.6 GPa) and silicon carbide (21.8 GPa) measured using nanoindentation with Berkovich indenter. 38) Although the hardness values obtained in the present multilayer ceramics are not as high as the hardness of nanostructured superhard materials exceeding 40 GPa level, 39) they are similar or in some cases even higher than those of CVD or PVD processed metal nitride multilayer coatings of comparable thickness. 8, 23) A similar difficulty in regard to the maximum penetration depth reached during the tests was also encountered in the case of indentation fracture toughness measurements. Maximum indentation depths usually exceeded 70% of the total multilayer thickness, and in some cases, the depth almost reached the entire section of the multilayer ceramic (Fig. 6 ): suggesting the presence of the inevitable substrate influence on the film fracture process during fracture toughness measurement. However, a more important point here is that the approach used to determine the fracture toughness by indentation, which is mainly applied to bulk materials and predicted by eq. (4), is not always directly applicable to thin films, since typically the cracks generated by indentation on the thin film surfaces tend to deviate from halfpenny shaped as assumed by the model. 31) In the present multilayer ceramics, anisotropic nature of the sputtered material caused by its typical microstructural features is also an important factor which may have affected the measured indentation toughness values. In addition to this, it should be mentioned that eq. (4) is applicable in the absence of residual stresses in thin films which may be present in the fabricated multilayers due to thermal expansion mismatch and/or growth process. Nevertheless, for hard coatings on harder and stiffer substrates as in the case of the current study, it may be reasonable to assume that the residual stress only modifies the crack shape. 40) Consequently, in the present study, since the maximum applied indentation load that ranges between 100 and 160 mN and the 3/2 power of the crack length that changes between $3:5{6:5 mm follow a fairly linear relationship, eq. (4) was used to estimate the indentation fracture toughness of the multilayer ceramics, K c , as an apparent value. As a result of the large maximum indentation depths and the mentioned limitation of the applied estimation, determined fracture toughness values are not absolute and reported here for a comparison purpose within the studied material system to show the effect of the processing parameter controlled microstructure on the fracture toughness of the multilayer ceramics. Despite the presence of a certain amount of scatter in the determined fracture toughness values given as a function of longitudinal-void density (Table 1) , the decrease in the fracture toughness with increasing amount of longitudinal-voids is clearly evident. This can be attributed to the interconnecting nature of the longitudinal-voids as their density increases which contributes to the formation of macro-cracks providing them easy growth paths in the multilayer ceramics.
As the indentation fracture toughness of the sputtered multilayer ceramics showed porosity dependence, the interaction of an advancing crack with the microstructural features of the multilayer ceramics is of great importance. This interaction was observed by indentation cracks generated on the polished cross-sections of all three multilayers initiating from the substrate. Cracks emanating from the indents perpendicular to the multilayer/substrate interface penetrate from the sapphire substrate into the multilayer ceramics without causing any delamination at the interface (Fig. 8) . Through the multilayer ceramics indentation cracks follow a zigzag pattern rather than a straight path without interlayer decohesion at Al 2 O 3 -TiO 2 interfaces. This observation points out that crack deflection mechanism could be achieved in the present multilayer material most probably because of the longitudinal-voids present in the structure (Fig. 8(a) ). Figure 8(b) shows another example of the crack growth behavior in multilayer ceramics. In this case, crack branching is observed coupled with crack deflection in the TiO 2 layer, where some part of the multilayer ceramic partially detaches from the rest of the system.
Fracture surfaces of the four-point bend tested single edge notched multilayers as well as the cracked sections around the large indentations both reveal clear evidences of the interaction between an advancing crack and the anisotropic microstructural features of the multilayers. Figure 9 shows the fracture surface of a four-point bend tested notched multilayer ceramic (notch depth is $110 nm). Rough fracture surface of the multilayer ceramic is clearly observed in contrast to the cleaved sapphire substrate suggesting the operation of crack deflection and branching processes during the growth of a primary crack under applied mode-I loading condition. Figure 10 presents another example of crack growth behavior in multilayer ceramics. In this particular case the multilayer ceramic delaminates and spalls off in the vicinity of an indentation formed under a maximum applied load of 200 mN (S Lv ¼ 28:0 mm À1 ). The rough transverse fracture surface of the multilayer ceramic is clearly observable in Fig. 10(a) . When the cracks that grow normal to the fracture surface of this spalled section are carefully observed ( Fig. 10(b) ), the interaction of the advancing crack with the longitudinal-voids in three dimensions is seen. This behavior suggests the occurrence of a series of micro-fracture events at the tip of a primary crack forming a three dimensional damage zone potentially redistributing the crack tip stress intensities.
As mentioned earlier, processing parameter controlled purpose-designed anisotropic microstructural features of multilayer ceramics composed of columnar grains housing fairly well-distributed longitudinal-voids play the key role in their mechanical behavior. Moderately high hardness values of the fabricated multilayer ceramics can be attributed to their fine crystallite size (column diameter) in nanometer range in accordance with Hall-Petch relation 36) which is in competition with grain boundary sliding observed in materials with grain sizes around 10-20 nm. 41) In the extreme case, suppression of dislocation propagation by finer grains and grain boundary sliding by stronger grain boundaries is shown to be the key to obtain superhard materials. 42) On the other hand, a balance between these two competing factors seems to result in moderately hard materials with reasonable deformability, and hence toughness. Observed crack growth behavior of the multilayer ceramics along with their hardness values evidently suggests that such kind of a balance is reached in the present system. Nevertheless, considering the longitudinal-void density dependence of indentation toughness of present multilayer ceramics presented in Table 1 , it can be concluded that the amount of void formation in the multilayer ceramics, and hence their distribution and resulting network structure should be optimized in order to maximize their toughening effect.
Conclusions
Multilayer ceramics composed of fully crystalline interchanging Al 2 O 3 and TiO 2 layers with an individual layer thickness of $65{70 nm were fabricated by reactive pulse magnetron sputtering. Microstructure of the multilayer ceramics composed of columnar grains with their longitudinal axes parallel to the deposition direction houses fairly well-distributed longitudinal-voids, whose amount can be controlled through changing deposition pressure, P Ar , during the process. The interface between Al 2 O 3 and TiO 2 layers seems well-bonded without observable delamination. The multilayer ceramic processed under the lowest applied P Ar of 0. of $360 GPa and $18 GPa, respectively. Measured relative indentation toughness of the multilayers follows a decreasing trend with increasing longitudinal-void density, which points out the requirement of keeping elongated voids isolated in the multilayer structure by controlling their content for improved toughening through optimizing processing parameters. Observation of the growth paths of the transverse indentation cracks as well as the fracture surfaces of the flexure-tested multilayers revealed the operation of crack deflection and branching processes at the longitudinal-void sites suggesting an overall toughening effect. Observed interaction of the advancing primary cracks with the longitudinal-voids of the structure forming a diffuse damage zone at the crack tip also revealed the potential of the fabricated multilayer ceramics to redistribute the stress concentrations. Finally, multilayer ceramics, which were shown to have the potential of revealing unique mechanical properties through their purpose-built anisotropic microstructural features controlled by the applied processing parameters, deserve further consideration in order to explore and improve their mechanical characteristics.
As already mentioned, in eq. (4) is an indenter geometry dependent empirical constant. Since Vickers or cube-corner type indenters are usually employed for the indentation toughness measurements, values of these geometries can frequently be found in the literature such as 0.016 and 0.036, respectively, 38) which is not the case for the indenter geometry used in the present study. Therefore, the value of the constant for the Berkovich type indenter was obtained using indentation experiments on monolithic sapphire with well-known material properties. Incorporation of the Young's modulus, hardness and fracture toughness of sapphire as 433.1 GPa, 25.9 GPa and 2.2 MPaÁm 1=2 , respectively, 38) into eq. (4) along with the experimentally determined radial crack lengths emanating from the indentations on the sapphire surface at various applied loads revealed the empirical constant for the Berkovich indenter. Figure A·1 shows the normalized crack length as a function of the applied indentation load where the slope of a linear fit to the presented data reveals the value of as $0:024. This is an intermediate value between the empirical constants of Vickers and cube-corner type indenters which are relatively blunter and sharper compared to Berkovich indenter, respectively. Figure A·2 shows the hardness values of the 20 layered Al 2 O 3 -TiO 2 multilayer ceramics, which were fabricated in the scope of an ongoing, parallel study under identical deposition conditions with those of the current report, as a function of maximum applied indentation load. The hardness values are seen to be decreasing with increasing indentation load, and hence indentation depth. As the hardness of the used sapphire substrate, which was measured to be 28-30 GPa at maximum loads between 100 and 150 mN using the microhardness tester mentioned in the ''Experimental Procedure'' section, is higher than those of the multilayers fabricated in the current study, this decrease shows that the measured hardness values are free from the substrate effect. Following the initial decrease, which is most probably because of the measurement uncertainties due to small residual indentation typically encountered during indentation testing of ceramic materials, the hardness values reach to an almost constant value. Leveled off hardness values are comparable with those measured on 10 layered Al 2 O 3 -TiO 2 multilayers presented in the current report revealing their average properties within the error margin. 
